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Abstract
The technique and experimental equipment for remote monitoring of concrete bridge superstructures by vibroacoustic emission 
signals method was developed. The transducers are mounted on concrete beams for measuring the oscillation energy of moving 
vehicles within the two frequency ranges. Deflections of beams are measured by low-frequency vibrations and the intensity of 
degradation processes in the beams is determined by high-frequency vibrations. It is proposed to use the ratio of vibrations 
intensity indicators within the specified frequency ranges for the diagnostics of the technical state of reinforced concrete beams 
of superstructures and forecasting residual operational life. The industrial testing of experimental equipment for different traffic 
volume was held.
© 2016The Authors. Published by Elsevier B.V..
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1. Introduction
The bridges on the roads of Ukraine are designed for the design loads which are considerably inferior by value to 
the European norms. Implementation of the standards of EU member states by Ukraine in 2014 regarding the weight 
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of HGVs removes the obstacles that hamper the transportation between states. However, this creates adverse 
operating conditions for highway bridges structures. The solution of the issue of identifying the actual loads on the 
bridge elements from traffic allows specifying their technical condition and forecasting their residual operational life
in new operational conditions. The relevance of the theme of the work is to improve the efficiency and reliability of 
determining the technical state of the existing bridges in conditions of increased traffic, increased weight values of 
vehicles and aging structural elements of bridges.
At present, acoustic emission (AE) NDT methods are widely used based on the analysis of high-frequency 
oscillations generated by the object under observation. AE methods are effective in carrying out laboratory tests and 
for the monitoring of industrial facilities [1÷6] in those cases when current loads affecting the object under 
observation are relatively stable or changing according to previously known laws. However, the bridges elements 
are exposed to traffic, their weight and speed characteristics change over time and are of random character. 
Therefore, the methods of continuous monitoring of the state of bridge beams should provide not only the 
monitoring of destruction energy level but also to assess the impact of the force causing such destruction. The 
purpose of the work is to increase reliability and decrease labor costs in monitoring the state of reinforced concrete 
superstructures of concrete bridges and overpasses and by evaluation of deflections and defect formation events 
under operational loads.
2. Principle of the VAE monitoring method 
Technologies for AE signals acquisition and processing that were developed during recent years in the world
practice indicate some prospects for the creation of information-analytical systems for remote monitoring of concrete 
bridges based on the vibroacoustic emission (VAE) signals values under operational loads with the subsequent real-
time data transmission via the Internet.
Fig. 1. The principle of VAE method used for monitoring the state of the object.
The principle of the VAE monitoring method is as follows (Fig.1). Monitoring of the observed object is fulfilled 
using a broadband sensor which simultaneously registers:
x fluctuations in terms of reinforced concrete girder bridge under the influence of a moving vehicle at the 
installation location of the sensor – the frequency to 40 Hz;
x high-frequency oscillations of the acoustic spectrum, propagating in the material of the beam from the areas of 
destruction.
3937 Evgen Oksen /  Transportation Research Procedia  14 ( 2016 )  3935 – 3942 
The signal from the sensor as a complex is normalized in the recording unit of VAE equipment and s is expanded
by digital filter into the low and high frequency components. Further analyzes the received signal components are 
provided in an easy-to-mailing form and sent to the user at appropriate intervals via the mail server.
3. Equipment for Remote Monitoring of superstructures
Structurally, equipment for remote monitoring of superstructures (Fig. 2) consists of one recording unit 1 to 
which the pre-normalized by charge amplifier LE-41 2 signals from the four acoustic emission transducers 3 are 
transmitted by signal cables 4. Power supply is fulfilled by the uninterruptible power supply 5 using cable 6. 
Instructions exchange and transfer of monitoring results is carried out through the Internet wirelessly via a router 7. 
The recording unit (Fig. 2b) is a computer (PC) based device for embedded systems ZOTAC ZBOX 1 with power 
supply unit 2 and the analog-to-digital converter (ADC) ADA-1406 3. ADC has a parallel data link that allows 
achieving high performance. Starting the ADC conversion cycle is carried out by an internal timer of the device with 
frequencies from 1 Hz to 350 kHz or on the request from the software. 
Continuous cycle of data collection by ADC device is supported by data buffer of 64 K capacity based on high-
speed static RAM chips. On completion of data acquisition from PC, receiving the data from ADC is not stopped –
the data are accumulated in the buffer; and as soon as data acquisition is resumed – the data are transmitted from PC 
to the buffer at an increased speed.
Fig. 2. Equipment for remote monitoring of superstructures: (a) general view; (b) a recording unit.
For power supply of VAE sensors chips the recording unit is equipped with a power supply unit. Two types of 
broadband sensors have been developed for experimental studies:
x piezoelectric (PE) (Fig. 3a);
x micro-electronic mechanical (MEMS) (Fig. 3b).
Structurally, a PE-wideband sensor comprises two piezoelectric elements operating in parallel, one of which 
percepts compressive force and the second one percepts bimorph deformation. The structure including a bimorph 
element with a thickness of 0.5 mm is shown in Table  (Fig. 3a). It allows recording the vibrations with frequencies 
exceeding 1 Hz and has a substantially unchanging amplitude-frequency response at frequencies between 7 Hz and 
above.
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Fig. 3. Measuring transducers of vibroacoustic emission: (a) piezoelectric; (b) micro-electronic mechanical; (c) mounting of the sensor on 
a reinforced concrete beam.
At frequencies of 1÷7 Hz sensitivity of the sensor is sufficient to perform measurements with an adjustment 
factor related to its decline. A signal received from these types of sensors represents acceleration in physical terms. 
Therefore, the design is based on condition of joint perception of sensor signals both in low-frequency and high-
frequency range for the given parameters of deformation of the bridge beams. Measuring transducers are mounted 
on the casing of neodymium magnets of appropriate dimensions. It provides their secure grip with the concrete beam 
due to magnetic forces interacting with steel reinforcement through the protective concrete layer (Fig. 3c).
4. The method of data acquisition and processing
Passage of vehicles on the bridge (Fig. 4a) generates vibrations in the concrete beams that are detected by the 
sensor. To capture AE signals, ADC device should sample the sensors with a sufficiently high frequency of about 
40÷80 kHz. This fact creates additional requirements for software of remote monitoring equipment. Thus, the 
common type of low frequency 1 and high frequency 2 signals recorded by remote monitoring equipment at 
asampl e rate of each of the measuring channels at 66.67 kHz is shown in Fig. 4b (for clarity, the signals are shown 
in various digital scales). The diagram also provides time marks with an interval of one second 3. It is obvious that 
the diagram of low frequency vibrations is formed as a collection of forced vibrations from a passing vehicle and of
natural vibrations of a reinforced concrete beam.
Fig. 4. Diagram of low and high frequency signals at the vehicle passage: (a) passage of the vehicle; (b) diagram of signals.
It is obvious that a full scale transmission of recorded signals using GPRS-messages is technically impossible 
because of a very large size of the files. Therefore, for the direct analysis of the observation results by the user the 
following algorithm for data packing is adopted:
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x time marks of the beginning and end of the vehicle’s passage on the beam of the superstructure are indicated in 
the diagram of low-frequency oscillations;
x intensity fluctuations indicators of reinforced concrete beam kPI are taken as the vehicle’s passage interval:
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where 0,1k     –  index of low and high frequency signal;
ikS –  current value of the signal;
N – the length of the vector’s fragment on the vehicle’s passage interval;
x within each interval of e-mail messages dispatch (e.g., 1 hour, 24 hours, etc.) the interval of intensity indicators 
formation is set (e.g., 0.01 seconds, 0.5 seconds, 1.0 seconds);
x the calculated indicator of fluctuations intensity is recorded in the corresponding vector with the number of 
measuring interval which the closest to the maximum value for the low frequency signal. Thus, in Fig. 4b 
fluctuations intensity were assigned to the interval, marked as 3.
Reducing the value of the interval of formation of indicators of fluctuations intensity tpi allow reducing the size 
of files being transferred, but leads to a loss of the messages informative value. Fig. 5 shows for comparison the 
diagrams of oscillations intensity indicators 0PI of low frequency 1 and of high frequency 1PI 2 signals for the 
values of the formation interval of 0.01 s (a) and 0.1 (b). An interval of formation tpi can be determined depending 
on the specific task of monitoring. In most cases, the value tpi of 0.1 seconds is sufficient for defining the beams 
performance in case of smaller file sizes of observations protocols.
Fig. 5. The effect of the formation interval value on signals intensity indicators.
After receiving the observation reports, the diagrams can be redesigned by the user program by means of 
increasing the formation interval tpi   by summarizing the protocol data. In case of coincidence of tpi with the time 
of one vehicle’s passage along the superstructure of the bridge, the observation protocol diagram may characterize 
the weight of passing vehicles. So, as a result of observations of the superstructure’s reinforced concrete beam with 
an interval of formation of indicators of 1 second and with an interval of e-mail delivery of 1 hour, the user will 
receive the observation protocol files graphically represented as shown in Fig. 6. In the protocol diagram on the 
observation of the superstructure’s reinforced concrete beam state 1, the intensity of low-frequency oscillations are 
shown in the form of a cumulative diagram of high-frequency oscillations intensity 2 calculated as
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where 0..3599m  – the order number of elements in the vector of high frequency oscillations intensity.
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Fig. 6. Diagram of monitoring the status of the superstructure’s reinforced concrete beam.
Diagram of monitoring allows the user to perform the analysis of:
x intensity and intervals of vehicles’ passage on the bridge;
x the degree of loading of the beam from each passing vehicle;
x the intensity of degradation processes of the material of reinforced concrete beam.
However, for the operator («Client» in Fig. 1) who is engaged in the monitoring of the beam’s state, the 
presentation of the data on the ratio of crushing energy of the material 1PI relative to the fluctuations intensity of 
the reinforced concrete beam 0PI is more representative. Such a diagram can be obtained for arbitrary accepted 
observation interval except for the time when the joint redesign of the oscillation intensity indexes kPI is carried 
out according to the observation protocols. Considering the ratio of the frequency spectra of intensity indexes 
fluctuations, the diagram  1 0PI f PI can be represented as a vibroacoustic characteristic (VAC) of the state of 
the observed object at any given point in time. The example of VAC diagram for the data of Fig. 4b at the intervals 
of intensity indicators formation equal to 0.01 is shown in Fig. 7.
Fig. 7. Vibroacoustic characteristic (VAC) of the state of the observed object.
Obviously, the vibroacoustic characteristics of each single observation will represent a set of points 1. The
number of significant number of points in the coordinate origin is due to close to zero signals level in the absence of
the moving vehicle and the presence of noise. In evaluating the state of the object it is advisable to approximate the
indexes of each unit of observation, such as using straight lines 2. Thus, for the data of Fig. 7 the approximation
equation will look like this:
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wherein the change in the coefficients A and B during long-term observations may quantify the degradation of 
the beam.
5. Results and Discussion
The proposed method for remote monitoring by the value of vibroacoustic emission signals is designed for 
continuous and long-term monitoring of the state of superstructures of reinforced concrete bridges.
The conclusion on the current state of the monitored concrete beam can be made on the basis of a vibroacoustic 
characteristic VAC  1 0PI f PI taking into account the expert assessment of the object’s state at the beginning 
of the observation. So, for this example, at the installstion of the remote monitoring equipment, the operational state 
of the reinforced concrete beam in accordance with DSTU-NB V.2.3-23: 2009 was rated as the third state 3ST . 
Then, on the basis of the VAC data presented in Fig. 7, data on the structure’s state (Fig. 8a) can be approximated by 
a straight line. As in the first state of the observed object no defects may occur in the beam at the design load, the 
diagram for the first state  1 0PI f PI   should be virtually identical with the X-axis – 1ST . It is obvious that in 
the course of the beam’s wear the approximating line must be displaced to the left in the diagram and take the 
position close to 4ST . The displacement of the state straight ST is equivalent to the reduction of a reliability 
index of the beam  P t (Fig. 8b) on the curve of the actual reliability of the beam 2 calculated according to 
DSTU-NB V.2.3-23: 2009 as:
   51 0,008333 tP t t e OO   , (4)
where O – the failure rate is determined on the basis of an expert assessment of the object and its life at the 
beginning of the observation.
Fig. 8. The development of degradation process of the structure: (a) the diagram of intensity indicators ratio; (b) changes in indicators of 
reliability according to DSTU-N B V.2.3-23: 2009.
Thus, the acceleration of the bridges structural components degradation process leads to:
x the displacement of the curve  P t with respect to the design position 1 to the position 2 in the diagram of 
reliability;
x an increase in the angle of inclination of an approximating straight of the state ST in the diagram of the intensity 
indicators.
Equivalence of representation of the bridge structural element degradation process using vibroacoustic 
characteristics and reliability indicators allows recommending the use of VAC characteristics for quantitative 
assessment of the bridge structures degradation process. The consistent accumulation of data on the changes in the 
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diagrams  1 0PI f PI and their comparison with the operational state of the structure will allow fulfilling the 
prediction of residual life of reinforced concrete beams taking into account their actual loading.
6. Conclusions
The developed method for remote monitoring of concrete bridge superstructures by the ratio of the oscillations 
intensity in the low and high frequency ranges can be recommended for the diagnostics of the technical state of 
reinforced concrete beams of superstructures and predicting their residual life.
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